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QUANTIZATION OF CHANNEL STATE
INFORMATION IN MULTIPLE ANTENNA
SYSTEMS

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.

No. 14/628,570, filed Feb. 23, 2013, which 1s a continuation
of U.S. application Ser. No. 13/289,957, filed Nov. 4, 2011,
now U.S. Pat. No. 8,971,467, 1ssued Mar. 3, 2015, which 1s
a division of U.S. application Ser. No. 11/754,965, filed May
29, 2007, now U.S. Pat. No. 8,116,391 1ssued Feb. 14, 2012,
which claims the benefits under 35 U.S.C. § 119(e) of U.S.
Provisional Patent Application No. 60/808,806, filed May
25, 2006, the entire disclosure of which i1s incorporated
herein by reference.

BACKGROUND

The development of the modern Internet-based data com-
munication systems and ever increasing demand for band-
width have spurred an unprecedented progress 1n develop-
ment of high capacity wireless systems. The major trends in
such systems design are the use of multiple antennas to
provide capacity gains on fading channels and orthogonal
frequency division multiplexing (OFDM) to facilitate the
utilization of these capacity gains on rich scattering 1ire-
quency-selective channels. Since the end of the last decade,
there has been an explosion of interest in multiple-input
multiple-output systems (MIMO) and a lot of research work
has been devoted to their performance limits and methods to
achieve them.

One of the fundamental 1ssued 1n multiple antenna sys-
tems 1s the availability of the channel state information at
transmitter and receiver. While it 1s usually assumed that the
perfect channel state information (CSI) 1s available at the
receiver, the transmitter may have pertect, partial or no CSI.
In case of the single user systems, the perfect CSI at the
transmitter (CSIT) allows for use of a spatial water-filling,
approach to achieve maximum capacity. In case of multi-
user broadcast channels (the downlink), the capacity 1s
maximized by using the so called dirty paper coding, which
also depends on the availability of perfect CSIT. Such
systems are usually refereed to as closed-loop as opposed to
open-loop systems where there 1s no feedback from the
receiver and the transmitter typically uses equal-power
division between the antennas.

In practice, the CSI should be quantized to minimize
teedback rate while providing satisfactory performance of
the system. The problem has attracted attention of

community and papers provided solutions for beam-

forming on flat-fading MIMO channels where the
diversity gain 1s the main focus. Moreover, some
authors dealt with frequency-selective channels and
OFDM modulation although also those papers were
mainly devoted to beamiorming approach.

Unfortunately, availability of full CSIT 1s unrealistic due
to the feedback delay and noise, channel estimation errors
and limited feedback bandwidth, which forces CSI to be
quantized at the receiver to minimize feedback rate. The
problem has attracted attention of the scientific community
and papers have provided solutions for single-user beam-
tforming on flat-fading MIMO channels, where the diversity
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2

gain 1s the main focus. More recently, CSI quantization
results were shown for multi-user zero-forcing algorithms

by Jindal.

SUMMARY

This summary 1s provided to introduce a selection of
concepts 1 a simplified form that are further described
below 1n the Detailed Description. This summary 1s not
intended to identily key features of the claimed subject
matter, nor 1s 1t intended to be used as an aid 1n determiming
the scope of the claimed subject matter.

We present a simple, tlexible algorithm that 1s constructed
with multiplexing approach to MIMO transmission, 1.€.,
where the channel 1s used to transmit multiple data streams.
We use a vector quantizer approach to construct code-books
of water-filling covariance matrices which can be used 1n a
wide variety of system configurations and on frequency
selective channels. Moreover, we propose a solution which
reduces the required average feedback rate by transmitting
the mndexes of only those covariance matrices which provide
higher mstantaneous capacity than the equal power alloca-
tion.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken 1n conjunction
with the accompanying drawings, wherein:

Embodiments will now be described with reference to the
figures, 1n which like reference characters denote like ele-
ments, by way of example, and in which:

FIG. 1 shows a typical transmission system;

FIG. 2 15 a flow diagram showing basic system operation;

FIG. 3 1s a flow diagram showing use of quantized mode
gain 1n the system of FIG. 1;

FIG. 4a 1s a flow diagram showing design of optimized
orthogonal mode matrices for use in the system of FIG. 1 for
single user case;

FIG. 46 1s a flow diagram showing design of optimized
orthogonal modes for use 1n the system of FIG. 1 for a multi
user system;

FIG. § 1s a flow diagram showing an embodiment of
calculation of throughput at the transmitter in the system of
FIG. 1 for single user case;

FIG. 6 1s a flow diagram showing an embodiment of
calculation of throughput at the transmitter in the system of
FIG. 1 for multiple user case;

FIG. 7 1s a flow diagram showing design of stored
modulation matrices at the transmaitter of FIG. 1 for multiple
user case;

FIG. 8 1s a flow diagram showing nested quantization;

FIG. 9 1s a flow diagram showing design of mode gain
matrixes for use in the system of FIG. 1;

FIG. 10 1s a flow diagram showing design of power
allocation matrices for use at the transmitter of FIG. 1 for
multiple user case;

FIGS. 11A and 11B show the distribution of V and S
respectively i vector codebooks for a 2x2 MIMO system
and N,;=2 and N ~=1. The two orthogonal eigenvectors in
each V matrix are shown using the same line style. The
X-axis corresponds to the real entries in the first rows of V
and the YZ-plane corresponds to the complex entries in the
second rows of the matrices. In case of S, the entries are
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presented for different power levels P in a normalized form
S/P. FIG. 11A shows V for N.=2 and FIG. 11B shows S for
N =1.

FIG. 12A shows ergodic system capacity C and FIG. 12B
shows average feedback bit rate R, for different granularities
of channel state information at the transmitter on the tlat
fading channel. System capacity 1s shown n logarithmic
scale to better illustrate the differences between curves.

FIG. 13A shows capacity loss and FIG. 13B shows
average feedback bit rate R, on the frequency selective
channel.

FIG. 14 shows sum-rates of cooperative, zero-forcing
DPC and linear systems with full CSIT and 10 users with
identical receivers.

FIG. 15 1s an example of multi-user interference caused
by partial CSIT.

FIGS. 16A and 16B show an example of the nested

quantization of eigenmodes. The thick lines symbolize cen-
troids v(1) of the respective regions v,. FIG. 16 A shows a
coarse 2-bit quantizer and FIG. 16B shows a precise 2-bit
quantizer of v,.

FI1G. 17 shows linear system sum-rates with full CSIT and

varying feedback bit-rate for K=2. n,=2 and all users with
n,=2 antennas.

FIG. 18 shows linear system sum-rates with full CSIT and
varying feedback bit-rate for K+10. n,=2 and all users with
n,—2 antennas.

FI1G. 19 shows linear system sum-rates with full CSIT and

nested CSI quantization with varying eigenmode coherence
time t_, (N ). n,=2, K=10, n,=2, N =1 and N _=2.4.

eig

DETAILED DESCRIPTION

One of the fundamental 1ssues 1n multiple antenna sys-
tems 1s the availability of the channel state information
(CSI) at transmitter and recerver[24]. The pertect CSI at the
transmitter (CSIT) enables the use of a spatial water-filling,
dirty paper coding and simultaneous transmission to mul-
tiple users, allowing the system to approach their maximum
theoretical capacity. Such systems are usually referred to as
closed-loop as opposed to open-loop systems where there 1s
no feedback from the receiver. Closed-loop systems enable
major icreases ol system capacities, allowing the operators
to multiply their revenue and maintain high quality of
service at the same time.

In this work, we describe a flexible approach to CSI
encoding, which can be used to construct the linear modu-
lation matrices for both single-user and multi-user networks.
In both cases, the modulation matrices are composed of two
independent parts: the eigenmode matrix and the diagonal
power division matrix with the sum of entries on the
diagonal equal to 1. The system operates as follows:

1. The receiver(s)[24] estimate(s) the respective multiple

antenna channel(s).

2. Each estimated channel 1s decomposed using the sin-
gular value decomposition (SVD) to form the matrix of
eigenmodes[30] and their respective singular values
[304].

3. IT the system works 1n the single-user mode, all entries
in the codebook of transmitter eigenmode modulation
matrices[32] and all entries 1n the codebook of trans-
mitter power division matrices[32A] are tested at the
receiver to choose their combination providing highest
instantaneous capacity. The indices of the best trans-
mitter eigenmode and power division matrices are then
sent[34],[34A] back to the transmitter.
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4. If the system works in the multi-user mode, all entries
in the codebook of recerver eigenmode vectors[32] and
all entries 1n the codebook of receiver mode gains[32A]
are tested at the receiver[24] for best match with the
estimated channel (the matching function can be cho-
sen Ireely by the system designer). The indices of the

best recerver eigenmode and power division matrices

94| are then sent [34] back to the transmutter.

5. Based on the received[36],[36A] indices, the transmit-
ter chooses[38],[52],[]62] the modulation matrix and
uses 1t to transmit[40] the information to one or more
users|[24] at a time.

Our proposed method allows to simplify the feedback
system by implementing only one set of eigenmode matrices
for all values of signal-to-noise ratio (SNR) and a much
smaller set of power division matrices that differ slightly for
different values of SNR. As a result, the required feedback
bit rate 1s kept low and constant throughout the whole range
of SNR values of interest. The additional advantage of the
splitting of the modulation matrix into two parts 1s that 1t can
lower the feedback bit rate for slowly-varying channels. If
the eigenmodes of the channel stay within the same region

for an extended period of time, additionally, nested encoding
can be performed to increase the resolution of the CSIT and
improve the system capacity.

The actual design of the receiver and transmitter eigen-
mode and power division matrices can be done using
numerical or analytical methods and 1s not the object of this
disclosure. However, our method allows for actual imple-
mentations of systems closely approaching the theoretical
capacities of MIMO channels without putting any unrealistic
demand on the feedback link throughput. This 1s a major
improvement compared to the other state-of-the art CSI
quantization methods, which experience problems
approaching the theoretical capacities and sufler from the
carly onset of capacity ceiling due to inter-user interference
at relatively low SNR.

I. System Model for Single User Communication and
OFDM

We assume that the communication system consists of a
transmitter equipped with n . attennas[22] and a receiver[24]
with N, antennas[26]. A general frequency selective fading
channel 1s modeled by a set of channel matrices H, of
dimension npxn, defined for each sub-carrier =0, 1,
No,=r1~1. The received signal at the jth sub-carrier 1s then
given by the ngz-dimensional vector y; defined as

(1)

where x; 1s the n;-dimensional vector of the transmitted
signal and n; 1s the ng-dimensional vector consisting of
independent circular complex Gaussian entries with zero
mean and variance 1. Moreover, we assume that power 1s
allocated equally across all sub-carriers |Xj|2:P.
II. Quantizing Water-Filling Information

If the transmitter has access to the perfect channel state
information about the matrix H, it can select the signaling
vector X; to maximize the closed-loop system capacity

V= X+,

C= ) logydet[l + H;Q,;H!] 2)

where Q, E[X X, 1. Unfortunately, optimizing the capacﬂy
in (2) requires a very large feedback rate to transmit infor-
mation about optimum Q; (or correspondingly H;) which 1s
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impractical. Instead, we propose using a limited feedback
link, with the transmitter choosing from a set of matrices
Q).

Using the typical approach involving singular value
decomposition and optimum water-filling, we can rewrite

(1) as

y,=Hxn; (UJ.DJVH)(VJXJ)+H

(3)
where E[X X 7[=S; constrained with 'Ir (5,))=P 1s a diagonal
matrix describing optimum power allocation between the
eigenmodes 1n V, Based on (3) the set of matrices
Q~=V SjVjHj max1mlzes capacity 1 (2).

To construct the most eflicient vector quantizer for chan-
nel feedback, the straightforward approach would be to
jointly optimize signal covariance matrices Q for all sub-
carriers at once. Such an approach, however, 1s both com-
plex and impractical, since any change of channel descrip-
tion and/or power level would render the optimized
quantizer suboptimal. Instead, we propose an algorithm
which separately quantizes information about eigenmode
matrices V, i codebook V and power allocation S, 1n
codebook S. Note that the first vaniable depends only on
channel description and not on the power level P which
simplifies the design.

We optimize the quantizers V and S for flat- fadmg case
and we apply them separately for each sub-carrier 1n case of
OFDM modulation. Although such an approach 1s sub-
optimal, 1t allows a large degree of flexibility since different
system setups can be supported with the same basic struc-
ture.

A. Quantizing Eigenmodes

We assume that the receiver|[24] has perfect channel state
information (CSIR) and attempts to separate[30] the e1gen-
mode streams X, in (3) by multiplying y, with UJH . However,
i the transmitter uses quantized eigenmode matrix set with
limited cardinality, the diagonalization of X, will not be
perfect. To model this, we introduce a heuristic distortion

metric which 1s expressed as

W HY=|DVV()-Dl g (4)

where V (n) 1s the nth entry 1n the predefined set of channel
diagonalization matrices and ||*||- is the Frobenius norm. We
omitted subscript entries 1 1n (4) for the clanty of presenta-
tion.

We assume that n=0, 1, . . . 2™ -1 where N, is the number
of bits per channel reahzatlen in the feedback link needed to
represent the vectors V(n). To design the quantizer using (4),
we divide the whole space of channel realizations H into 2™
regions V, where

V.={H:yv({i;H)<yv(j:H) for all j=i}. (5)

It can be shown that minimizing this metric should, on
average, lead to maximizing the ergodic capacity of the
channel with the quantized feedback (when y(n;H)=0 the
channel becomes perfeetly diagonalized). The optimum
selection of V and regions V. 1n (5) 1s an object of our current
work. Here, however, we use a simple 1terative heuristic
based on a modified form of the Lloyd algorithm, which has
very good convergence properties and usually yields good
results. The algorithm starts by creating a codebook of
centroids V and, based on these results, divides the quanti-
zation space into regions V,. The codebook is created as
follows:[50]

1. Create a large training set of L random matrices

H(1).[46]
2. For each random matrix H(l), perform singular value
decomposition to obtain D(l) and V(1) as in (3).
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3. Set iteratien counter i=0. Create a set of 2*" random
matrices H(n).

4. For each matrix H(n) calculate corresponding V®(n)
using singular value decomposition.

5. For each training element H(l) and codebook entry
V®(n) calculate the metric in (4). For every 1 choose
indexes n,, (1) corresponding to the lowest values of
yv(nsH(D)).

6. Calculate a new set V@ (n) as a form of spherical
average ol all entries V(1) corresponding to the same
index n using the following method. (The direct aver-
aging 1s 1mpossible since 1t does not preserve orthogo-
nality between eigenvectors.) For all n calculate the
subsets L(n)={l:n, (1)=n} and if their respective car-

dinalities |L(n)[=0 the corresponding matrices QU )(n)
can be obtained as

(6)

—(i+1)

0" m=—= ) VoV

IL( N &2

where 'O is an n,xnall-zero matrix with the exception
of the upper-left corner element equal to 1. Finally,

using singular value decomposition, calculate V(”l)(n)
from

Q(i+l)(n):r}(i+l)(n)W(I’;‘(f+l)(n))ﬂ (7)

where W 1s a dummy varnable.

7. Calculate the average distortion metric

¥ P=ULE NV, (D H(D)).

8. If distortion metric fulfills Iy -y @Iy D<@, stop.
Otherwise 1increase 1 by 1 and go to 5).

Upon completion of the above algorithm, the set of
vectors V can be used to calculate the regions in (5). The
results of the codebook optimization are presented 1n FIG.

11A for a case of n,=n,=2 and N;=2. The optimization was
performed using [L.=1,000-2™* and ©=10"".

B. Quantizing Power Allocation Vectors

Having optimized[S0] power-independent entries in the
codebook of channel eigenmode matrices V the next step 1s

to create a codebook for power allocation S[118]. We use a
distortion metric defined as

det[I + HOH"] (8)

ystks H; P) = " A H
det|] + HV (1, )SUOV " (e )H |

where S(k) is the kth entry in the predefined set of channel
water-filling matrices and ‘C/'(nﬂpf) is the entry in the V
codebook that minimizes metric (4) for the given H. We use
k=0, 1, ...2"%-1 where N, is the number of bits per channel
reahzatlen in the feedback link needed to represent the
vectors S(k) Minimizing the metric 1n (8) 1s equivalent to
minimizing the capacity loss between the optimum water-
filling using Q and the quantized water-filling using V and

S.

Similarly to the previous problem, we divide the whole
space of channel realizations H into 2™ regions S,(P) where

S{Py={H~s(i;H;P)<ys(j;H;P) for all j=i}. (9)
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and to create the codebook S, we use the following method:
1. Create a large tramning set of L random matrices H(l).
2. For each random matrix H(l), perform water-filling
operation to obtain optimum covariance matrices Q1)
and S(1).
3. Set iteration counter i=0. Create[100],[104] a set of 2
random diagonal matrices S®(k) with Tr(S®(k))=P.
4. For every codebook entry S®(k) and matrix Q(1)
calculate[112] the metric as 1n (8). Choose[106]

indexes k(1) corresponding to the lowest values of
Vs(KH():P).

5. Iys(k,,,(D:H):P)>y, (H(1);P) where v, ,(H(1);P) 1s the
metric corresponding to equal-power distribution
defined as

det[I + HIOQOHY (D] (10)

detll + P/nrHOHHE (D]

veq(H(l); P) =

set the corresponding entry kﬂpr(l)ZZNS. For all k cal-
culate the subsets[108] L(k)=1L:k_,(1)=k}.

6. For all k=0, 1, . . . 2™-1[114] for which IL(k)I=0,
calculate[116] a new S@*V(k) as the arithmetic average

(11)

7. Calculate the average distortion metric

(12)

. 1
P = — ) minysthon(D; HOP). Yo (HOP))
{

8. If distortion metric fulfills Iy.“*"—y @1y D<@ stop.
Otherwise increase 1 with 1 and go to 4).

The set of vectors S is then used to calculate the regions
in (9). Since waterfilling strongly depends on the power
level P and V, optimally the S should be created for every
power level and number of bits N, in eigenvector matrix
codebook. As an example, the results of the above optimi-
zation are presented i FIG. 11B for a case of n,=n,=2,
N,=2 and N.~=1. The optimization was performed using
[=1,000-2" and ©=10"". The curves show the entries on the
diagonals of the two matrices S(k) normalized with P. As one
can see, one of the matrices tends to assign all the power to
one of the eigenmodes, while the other balances the assign-
ment between them. As expected, the balancing becomes
more even with increasing P where the capacity of the
equal-power open-loop systems approaches the capacity of
the water-filling closed-loop systems. Since the diflerences
between the entries of S(k) are not that large for varying
powers, it is possible to create an average codebook S which
could be used for all values of P but we do not treat this
problem 1n here.

An 1nteresting property of the above algorithm 1s that 1t
automatically adjusts the number of entries 1n S according to
the number of entries in V. For low values of N, even if the
algorithm for selection of S i1s started with high N, the
optimization process will reduce the search space by reduc-
ing cardinality |L(k)| of certain entries to 0. As a result, for
N,=2, 3, N.=1 will suflice, while for N;=4, the algorithm
will usually converge to N~=2. This behavior can be easily
explained since for low resolution of the channel eigenvec-
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8

tor matrices V only low precision 1s necessary for describing
S. Only with increasing the precision N, the precision N
becomes usetul.

III. VQ Algorithm for Flat-Fading MIMO Channels

The vector quantizers from the previous sections are first
applied to a flat-fading channel case. In such a case, the
clements of each matrix H 1n (1) are independent circular
complex Gaussian elements, normalized to unmit variance.
The system operation can now be described as follows:
1. The receiver|24] estimates the channel matrix H.
2. The receiver[24] localizes the region V, according to (5)
and stores 1ts index as n,,.[32]

3. Using n,,,, the receiver|24] places H in a region S,
according to (9) and stores its index as k..

4. IT the resulting system capacity using the predefined
codebook entries 1s higher than the capacity of equal
power distribution as 1n

C(nppkop)7logs det[I+F/n AT (13)

indexes n_,, and k_ . are fed back to the transmitter.
[34].]36]

5. The transmitter uses|[40],[38A] the received indices of
a codebook entries to process its signal. If there 1s no
teedback, power 1s distributed equally between the
antennas|22].

Using the above algorithm, the system’s performance 1s
lower-bounded by the performance of the corresponding
open-loop system and improves 1f the receiver [24] finds a
good match between the channel realization and the existing
codebook entries. The salient advantage of such an approach
1s 1ts flexibility and robustness to the changes of channel
model. If there are no good matches i the codebook, the
teedback link 1s not wasted and the transmitter uses the equal
power distribution. The disadvantage of the system 1s that
the feedback link 1s characterized by a variable bit rate.
IV. VQ Algorithm for Frequency-Selective MIMO-OFDM
Channels

In case of the frequency-selective channel, flat fading
algorithm 1s applied to the separate OFDM sub-carriers.
Although this approach 1s clearly sub-optimal, 1t allows us
to use a generic vector quantizer tramned to the typical
flat-fading channel 1n a variety of other channels.

In general case, the feedback rate for such an approach
would be upperbounded by N, AN, +N,). However, as
pomnted out by Kim et al., the correlation between the
adjacent sub-carriers 1in OFDM systems can be exploited to
reduce the required feedback bit rate by proper interpolating
between the corresponding optimum signalling vectors. In
this work, we use a simpler method which allows the
receiver|24] to simply group adjacent M sub-carriers and
perform joint optimization using the same codebook entry
for all of them (such methods are sometimes called cluster-
ng).

V. Simulation Results

A. Flat-Fading Channel

We tested the system on 2x2 MIMO and 4x4 MIMO
channels with varying SNR and feedback rates. We tested
2x2 MIMO channel with N,=2, 3, 4 and N,,=1, correspond-
ing to total feedback rate of between 3 and 5 bits. Corre-
spondingly, 1n case of 4x4 MIMO, we used N,=10, 12, 14
and N =2, corresponding to total feedback rate between 12
and 16 bits. We define an additional parameter called feed-
back frequency, v which defines how often the receiver[24]
requests a specific codebook entry instead of equal power
distribution and an average feedback bit rate as R,=v

(N=Ny).
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FIG. 12(a) presents the results of simulations of ergodic
capacity of the system (based on 100,000 independent
channel matrices H) 1n case of perfect CSIT, vector quan-
tized teedback (partial CSIT) and no CSIT. It 1s clearly seen
that, even for very low bit rates on a feedback channel, the
proposed scheme performs closely to the optimum. Arule of
thumb seems to be that the number of bits needed to encode
the codebook 1s approximately equal to n,xn,. Moreover,
FIG. 12(b) shows that as the SNR grows, less feedback 1s
required to provide good system performance and the pro-
posed algorithm automatically reduces the reverse link
usage.

It 1s also interesting to note that increasing the quality of
quantization increases the feedback frequency v. This 1s a
consequence of the fact that there 1s a higher probability of
finding a good transmuit signal covariance matrix when there
are a lot of entries 1n the codebook.

B. Frequency-Selective Channel

We have simulated the 2x2 MIMO system using the
OFDM modulation with carrier frequency: I =2 GHz; signal
bandwidth; B=5 MHz, number of sub-carriers; N ,.,,~256;
ITU-R M.1225 vehicular A channel model with independent
channels for all pairs of transmit and receive antennas[22]
[26]; the guard interval equal to the maximum channel delay.

The results of simulations are presented 1n FIGS. 13 A and
13B. Since the capacity curves of this system are very
similar to capacity of the flat-lading 2x2 system in FIGS.
12A and 12B we decided to show the losses of performance

as compared to the perfect water-filling case instead. FIG.
13A shows the loss of performance defined as C-C(M)

where C 1s defined 1 (2) and C(N;,, N, M) 1s the capacity
of the system with different feedback rates and clustering of
M sub-carriers. As expected, increasing the clustering,
decreases the throughput since the same covariance matrix
1s used for too many adjacent sub-carriers. At the same time,
in FIG. 13B shows that the required average feedback rate
decreases significantly with increasing M. For the simulated
channel, the best results are provided by M=8, which 1is
approximately equal to the coherence bandwidth of the
channel. An mteresting feature of the OFDM-MIMO is that,
unlike 1n the flat-fading case, the feedback rate remains
almost constant throughput the P range. In any case, how-
ever, around two orders of magnitude more feedback bit rate
1s required on frequency selective channel.
V1. System Model for Multi User Communication

We assume that the communication system consists of a
transmitter equipped with n antennas[22] and K=n., mobile
receivers|24] with identical statistical properties and n,(k)
antennas[26], where k=1, 2, . . . K. The mobile user channels
are modeled by a set of 1.1.d. complex Gaussian channel
matrices H, of dimension n,(k)xn . (Throughout the docu-
ment we use the upper-case bold letters to denote matrices
and lower-case bold letters to denote vectors.) The received
signal of the kth user 1s then given by the n,(k)-dimensional
vector y, defined as

Vi=Hpx+n, (14)

where X 1s the n,~dimensional vector of the transmitted
signal and n, 1s the ny(k)-dimensional vector consisting of
independent circular complex Gaussian entries with zero
means and unit variances. Finally, we assume that the total
transmit power at each transmission instant 1s equal to P. The
above assumptions cover a wide class of wireless systems
and can easily be further expanded to include orthogonal
frequency division multiplexing (OFDM) on frequency-
selective channels or users with different received powers
(due to varying path loss and shadowing).
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Although theoretically 1t 1s possible to design the opti-
mum CSI quantizer for the above canonical version of the
system, such an approach may be impractical. For example,
subsets of receivers|24] with different numbers of receive
antennas[26] would require different CSI codebooks and
quantizer design for such a system would be very complex.
To alleviate this problem, we assume that the base station
treats each user as 1t 1t was equipped with only one antenna
[26], regardless of the actual number of antennas[26] 1t may
have. While suboptimal, such an approach allows any type
of a receiver[24] to work with any base station and may be
even used to reduce the quantization noise as shown by
Jindal. We call such system setup virtual multiple-input
single-output (MISO) since, even though physically each

transmitter-receiver link may be a MIMO link, from the base
ISO.

station’s perspective it behaves like MI

We follow the approach of Spencer et al., where each user
performs singular value decomposition of H ~=U.S. V.7 [30]
and converts its respective H, to a n~dimensional vector h,
as

max, h

kk_uk Hp=s.""v (15)

[42] where s, 1s the largest singular value[30A] of S, and
u, and v, are its corresponding vectors[30] from the unitary
matrices U, and V,, respectively.

Based on (15), the only information that 1s fed[36],[36A]
back from [34],[|34A] the receivers|24] to the transmitter 1s
the information about the vectors h,, which vastly simplifies
the system design and allows for easy extensions. For
example, 1f multiple streams per recerver are allowed, the
channel information for each stream can be quantized using
exactly the same algorithm.

VII. System Design with Full CSIT

In this section, we present typical approaches for the
system design when full CSIT 1s available. As a simple form
of multi-user selection diversity, we define a subset of active
users with cardinality n as S. Furthermore, for each subset
S, we define a matrix H[S]=[h,”, h,’, . . ., hHTT]T, whose
rows are equal to the channel vectors h, of the active users.

A. Cooperative Receivers

The upper-bound for system sum-rate 1s obtained when
the users are assumed to be able to cooperate. With such an
assumption, it 1s possible to perform singular value decom-
position of the joint channel as H[S]=U[S]S[S]V”[S].
Defining s, as the entries on the diagonal of S[S] allows to
calculate the maximum sun-rate of a cooperative system as

ny (16)

pcoop _ m;i}{; [log, (£[S1sD)],

where E[S] i1s the solution of the water-filling equation
>, "E[S]-1/s,"],=P.

B. Zero-Forcing Dirty-Paper Coding

In practice, the receivers[24] cannot cooperate and the full
diagonalization of the matrix H[S] 1s impossible. The prob-
lem can still be solved by using linear zero-forcing (ZF)
followed by non-linear dirty paper precoding, which eflec-
tively diagonalizes the channels to the active users. The
matrix H[S] 1s first QR-decomposed as H[S]=L[S]Q[S],
where L[S] 1s lower trnangular matrix and Q[S] 1s a unitary
matrix. After multiplying the input vector x by Q[S]”, the
resulting channel 1s equal to L[S], 1.e., the first user does not
sufler from any multi-user interterence (MUI), the second
user receives iterference only from the first user, etc.
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In this case, non-causal knowledge of the previously
encoded signals can be used 1n DPC encoder allowing the
signal for each receiver[24] 1>1 to be constructed 1n such a
way that the previously encoded signals for users k<i, are
cllectively canceled at the 1th receiver[24]. Since the effec-
tive channel matrix 1s lower triangular, the channel will be
diagonalized after the DPC, with 1, being the entries on the
diagonal of L[S]. This leads to maximum sum-rate calcula-
tion as

ny (17)

Rgf—dp{: — 1 Sﬂf‘d 12
r;}ﬁt; [logy (€[S [{)],

where E[S°"“] is the solution of the water-filling equation.
Note that, as opposed to (16), the maximization 1s performed

over ordered versions of the active sets S.

C. Linear Modulation

Even though, theoretically, the above approach solves the
problem of the receiver[24] non-cooperation, its inherent
problem 1s the absence of eflective, low complexity DPC
algorithms. Moreover, since dirty-paper coding requires full
CSIT 1t 1s likely that systems employing DPC would require
significantly higher quality of channel feedback than sim-
pler, linear preceding systems.

We use the linear block diagonalization approach, which
climinates MUI by composing the modulation matrix B[S]
of properly chosen null-space eigenmodes for each set S. For
each receiver[24] 1ES, the 1ith row of the matrix H[S] 1s first
deleted to form HJS,]. In the next step, the singular value
decomposition 1s performed[30],[30A] to yield H[S,|=U[S,]
S[S,]V7[S,]. By setting the ith column of B[S] to be equal
to the rightmost vector of V[S,], we force the signal to the
ith receiver[24] to be transmitted 1n the null-space of the
other users and no MUI will appear. In other words, the

channel will be diagonalized with d. being the entries on the
diagonal of H[S]B[S]. This leads to formula

nr (18)

linear _ Z
RIe = max ) [logy(€[S)dP)],

i=1

where £[S] is the solution of the water-filling equation.

As an example, FIG. 14 shows the sum-rates of the
discussed systems for K=10 users and different antenna
configurations. The zero-forcing DPC system approaches
the cooperative system’s sum-rate as the transmitted power
increases. The sub-optimal linear modulation provides lower
sum-rate but losses at P>0 dB, as compared to the ZF-DPC
system, are in the range of only 1-2 dB for the 4x4
configuration and fractions of dB for the 2x2 system. Since
the linear system 1s much easier to implement than ZF-DPC,
we will use 1t to test our CSI encoding algorithms.

VIII. System Design with Partial CSIT

The systems discussed so far are usually analyzed with
assumption that, at any given time, the transmitter will have
tull information about the matrices H[S]. Unfortunately,
such an assumption 1s rather unrealistic and imperfect CSIT
may render solutions relying on full CSIT useless.

In practice, the receivers[24] will quantize the informa-
tion about their effective channel, vectors h,[30] as ﬂk[32],,
according to some optimization criterion. Based on this
information, the transmitter will select|38].[S2],[62] the best
available modulation matrix B from the predefined trans-

10

15

20

25

30

35

40

45

50

55

60

65

12

mitter codebook and perform water-filling using the best
predefined power division matrix D. Regardless of the
optimization criterion, the finite cardinality of the vector
codebooks will increase MUI and lower system throughput.
FIG. 15 shows the mechanism leading to appearance of the
MUI 1 a simple system with n,=2 and K=2 users with
eflective channel vectors h, and h,, encoded by the quantizer
as h, and h,. If the full CSIT is available, the transmitter will
choose[38] a modulation matrix based on eigenmodes v, and
v,, which are perpendicular to vectors h, and h,, respec-
tively. As aresult, each user will be able to extract 1ts desired
signal without MUI. With partial CSIT, however, the trans-
mitter will obtain only approximate versions of the effective
channel vectors, and the resulting modulation matrix will be
based on eigenmodes v, and v,, whose dot products with h,
and h, will not be zero, causing the MUI.
IX. CSI Quantization Algorithms

The fundamental difference between CSI encoding 1n
single-user and multiple-user systems 1s that during normal
system operation, each receiver[24] chooses its vector h,
without any cooperation with other receivers[24]. This
means that the design of optimum codebook for h, must
precede the design of codebooks B and D. Based on (15),
one can see that channel state information in form of the
vector h, consists of the scalar value of channel gain[30A]
s,”"** and the eigenmode[30] v,”. Since these values are
independent, we propose an algorithm which separately
quantizes the information about eigenmodes[32] 1n code-
book v and amplitude gains[32A] in codebook s.

A. Quantization[32],[51] of Receiver Channel Eigen-
modes

We assume that N, 1s the number of bits per channel
realization in the feedback link needed to represent the
vectors v, 1n (135). We divide the space of all possible v’s mto
2™ regions v,

v,={vy (i:v)<y (j:v) for all j=i} (19)

where v (n; v) 1s a distortion function. Within each region v,
we define a centroid vector v(1)[49], which will be used as
a representation of the region. The design of the codebook
v can be done analytically and/or heuristically using for
example the Lloyd algorithm. In this work, we define the
distortion function as the angle between the actual vector v
and v(1):y,(i;v)=cos™"(v(i)-v), which has been shown by Rob
and Rhao to maximize ergodic capacity, and use Lloyd
algorithm to train[47] the vector quantizer. Note that the
construction of v is independent of the transmit power.

B. Quantization[32A] of Receiver Amplitude Gains

We assume that N_ 1s the number of bits per channel
realization in the feedback link needed to represent the
scalar s,”“" 1 (15). We divide the space of all possible
channel realizations s=s,”** into 2" regions s,

s;={5:18(1)-s1<13(j)-s! for all j=i} (20)

where s(1)[100] are scalar centroids representing regions s..
In this work, we perform the design[102] of the codebook s
using the classical non-uniform quantizer design algorithm
with distortion function given by quadratic function of the
quantization error as €(i;s)=(s-5(1))".

The construction of the codebook s is generally dependent
on the transmit power level. However, as pointed out above
the differences between the codebooks s for different power
regions are quite small. This allows us to create only one
codebook s and use it for all transmit powers.

C. Quantization of the Transmitter Modulation Matrices

The calculation of the modulation matrix B is based on the
given codebook v. We assume that the quantization[32] of
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the channel eigenmodes 1s performed at the receiver|[24] side
and each user transmits[34] back its codebook index 1,. The
indices are then used at the transmitter side to select[38]
[52][62] the modulation matrnix B(1,, 1,, . . . 1x). Since, from
the linear transmitter point of view, ordering of the users 1s
not important, we will use the convention that the indices (1,,
1,, . . . 1) are always presented 1n the ascending order. For
example, m a system with K=2, n,=2 and I-bit vector
quantizers v, there will exist only three possible modulation
matrices corresponding to sets of v indices (1,1), (1,2) and
(2,2).

In the context of vector quantizing, the design of the
modulation matrices can no longer be based on the algo-
rithm presented 1n Section VII.C. Using this method with
quantized versions of h, produces wrong result when 1den-
tical indices 1,, are returned and the receiver|[24] attempts to
jointly optimize transmission to the users with seemingly
identical channel vectors h,. Instead, we propose the fol-
lowing algorithm to optimize the set of matrices B(i;,
1y, o ..y 1g)

1. Create a large set of Nn, random matrices[46] H,,
where N 1s the number of training sets with n, users
cach.

2. Far each random matrix H,, perform singular value
decomposition|68] and obtain h,[70] as 1 (15).

3. For each vector h, store[74] the index 1, of the corre-
sponding entry v(i,).

4. Divide[76] the entire set of matrices H, into N sets with
n elements each.

5. Sort[ 78] the indices 1, within each set | 1n the ascending
order. Map| 78] all umique sets of sorted indices to a set
of unique ndices 1, (for example (1,1)—=1,=1; (1,2)—

[,=2; (2,2)—=1,=3...).

6. In each set 1, reorder the corresponding channel vectors

h, according to their indices 1, and calculate[80] the
optimum B, using the method from Section VII.C.

7. Calculate[84] a set B(I;) as a column-wise spherical
average of all entries B, corresponding to the same[82]
index 1.

After calculation of |1, modulation matrices B, the
remaining part of system design 1s the calculation of the
water-filling matrices D, which divide the powers between
the eigenmodes at the transmaitter. The procedure tfor creation
of codebook D[118] 1s similar to the above algorithm, with
the difference that the entries s(n,) are used instead of v(i,),
and the spherical averaging of the water-filling matrices 1s
performed diagonally, not column-wise. Explicitly:

1. Create a large set of Nn, random matrices[46] H,,
where N 1s the number of training sets with n, users
cach.

2. For each random matrnix H,, perform singular value
decomposition|[104] and obtain h, as 1n (13).

3. For each vector h, store the index n, of the correspond-
ing entry s(n,).[106]

4. Divide the entire set of matrices H, into N sets with n-
elements each. [108]

5. Sort the indices n, within each set 1 in the ascending
order. Map all unique sets of sorted indices to a set of
umque indices 1, (for example (1, 1)—=1,=1; (1, 2)—

1,=2; (2,2)—=1,=3 ... ).[110]

6. In each set 1, reorder the corresponding channel vectors

h, according to their indices n, and calculate the opti-
mum D), using the method of water-filling from Section

VII.C.[112] ﬁ
7. Calculate[116] a set D (I,,) as a diagonal spherical

average of all entries D, corresponding to the same[114]

index 1.
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D. System Operation

The matrices B and D are used in the actual system in the

following way:

1. The K mobile receivers[24] estimate[30],[30A] their
channels and send the indices 1,[34] and n,[34A] of the
corresponding receiver quantizer entries v(1,)[32] and
s(n,)[32A] to the base station.

2. The transmuitter forms 1 sets of users corresponding to
all combinations of n, users out of K. Within each set
1, the indices 1,[38] and n,[|63] are sorted 1n the ascend-
ing order and mapped to their respective indices 15(1)
[60] and 1,,(1)[64]; ﬂ ﬁ

3. Within each set 1, the matrices B [15(1)][52].,[62] and D
[I,,(1)][54],[38A] are used to estimate[56],[66] instan-
taneous sum-rate R(l).

4. The base station flags the set of users providing highest
R(1) as active for the next transmission epoch.

5. The transmitter uses the selected matrices to transmit
information.

E. Nested Quantization of Channel Figenmodes

The above algorithm does not assume any previous

knowledge of the channel and the feedback rate required to
initially acquire the channel may be high. In order to reduce
it on slowly varying channels, we propose a nested quanti-
zation method shown in FIGS. 16A and 16B. In this
example, an mitial coarse quantization of the CSI 1s per-
formed[88] using only 2 bits. Assuming[98] that the actual
channel vector lies 1n region v, and that 1t stays within this
region during the transmission of subsequent frames[90],
[92],[94], 1t 1s possible to further quantize v, using nested,
precise quantization[96]. In this way, the effective feedback
rate 1s still 2 bats, but the resolution corresponds to a 4-bit
quantizer. In order to quantily the possibility of such a
solution, we 1ntroduce eigenmode coherence time T, (N, ),
which, related to the frame duration T, show for how

Ferrle?

long the channel realization stays within the same region v,
of the N _-bit quantizer. Notice that eigenmode coherence
time depends on the number of bits N : the higher the nitial
VQ resolution, the faster the channel vector will move to
another region and the benefits of nested quantization will
vanish.

X. Simulation Results

We have implemented our system using a base station
with n,=2 and a set of K mobile receivers|24]| with 1dentical
statistical properties and np(k)=n,=2. We have varied the
number of users from 2 to 10 and optimized vector quan-
tizers using methods presented above. Each system setup
has been simulated using 10,000 independent channel real-
1zations.

FIGS. 17 and 18 show the results of the simulations for
varying feedback rates. Except for very high transmit power
values P>15 dB, 1t 1s possible to closely approach the
sum-rate of the full CSI system with 8 bits (IN. =7, N =1) 1n
the teedback link. The required feedback rate N  1s much
higher than N_, which shows the importance of high quality
cigenmode representation in multiuser systems. In high
power region, increasing N by 1 bit increases the spectral
elliciency by approximately 1 bit/channel use.

FIG. 19 shows the results of nested quantization with low
feedback rates when the channel’s eigenmode coherence
time 1s longer than frame duration. If such a situation occurs,
the considered system may approach the theoretical full
CSIT sum-rate using only 5 bits per channel use 1n the
teedback link.

Note that further feedback rate reduction can be achieved
with the algorithm presented by Jindal. However, we will
not present these results here.
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XI. Additional Matter

In case of multiple user systems, multi-user diversity may
be achieved by a simple time-division multiplexing mode
(when only one user at a time 1s given the full bandwidth of
the channel) or scheduling the transmission to multiple
users[24] at a time. Here we analyze the former approach
and assume that the base station will schedule only one
user|24] for transmission.

If the system throughput maximization 1s the main objec-
tive of the system design, the transmitter must be able to
estimate[56] the throughput of each of the users, given the
codebook 1ndices 1t received from each of them. Assuming
that the kth user returned indices requesting the elgenmode
codeword V, and power allocation codeword S,, the user’s

actual throughput 1S g1ven as
R;58=log, det[l, o+ H V.SV H (21)
Using singular value decomposmon of channel matrix H,
and equality det[I (k)+HkaHk =det] I +QkaHH 1t can
be shown that

R;578%=log, det[l, + V.S, V" H"H,]=log, det[I, ;\+

SkEkHDfEk] (22)

where E :\/}j‘rf\ﬂ/}‘r 1s a matrix representing the match between
the actual eigenmode matrix of the channel and 1ts quantized
representation (with perfect match E,=1, ).

In practice, the actual realization of E, will not be known
at the transmitter, and its mean quantized value E,, matched
to V, must be used instead. Similarly, the transmitter must
use a quantized mean value ﬁkj which 1s matched to the
reported water-filling matrix S,. This leads to the selection
criterion for the optimum user[24] k_

n aH 224
; = arg k rlnzaxﬁlﬂgzdet[ npk) 51 Ey DkEk]

‘ 23)

op

Similarly to single-user selection, also in the case of
multi-user selection the choice of active users must be made
based on mcomplete CSIT. The quantized CSI will result in
appearance of multi-user interference. We represent this
situation using variable B z—ka B <];» which models the dot
product of the quantized elgenmode v,*” reported by the kth
user 1n the set S, and the Ith vector in the selected modulation
matrix[52] B..

Moreover, assuming that the quantized singular value of
the kth user in the set S is given by d, and the transmitter
uses power allocation matrix|54] S -, the estimated sum-rate
of the subset S 1s given as[56]

/ A2 A ~2 \ 24
- Pdy[Ss] i Exx (24)

Pw— ~ 2 |
1 + Pd, Z [Ss 1y
. I+ /

RH’!H!IE(S) — Z hjgz

=Ry

Note that, due to the finite resolution of the vector quantizer,
the multi-user interference will lower the max sum-rate
R (S)<R™** for all S.

Based on (24) the choice of the active set of users 1s then
performed as

Sopr = argmaxR™ (). (25)
y
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One can also modily the algonthm presented in section
II.A as follows: we use a simple 1terative heuristic based on
a modified form of the Lloyd algorithm, which has very
good convergence properties. The algorithm starts by cre-
ating a random codebook of centroids V and iteratively
updates 1t until the mean distortion metric changes become
smaller than a given threshold.

The algorithm works as follows:

1. Create a large training set of L random matrices H,.[46]

2. For each random matrix H,, perform singular value

decomposition to obtain V, as 1n (3).

3. Align orientation of each vector 1n V, to lie within the

same 2n,~dimensional hemisphere.

4. Set iteration counter i=0. Create a set of 2" random

matrices ﬁ(n).

5. For each matrix I:I(n),] calculate corresponding \7@(11)

using singular value decomposition.

6. Align orientation of each vector 1n \7@(11) to lie within

the same 2n.~dimensional hemisphere.

7. For each training element H, and codebook entry

\h/'(f)(n), calculate the metric 1n (4). For every 1, choose
the mdex n, (1) corresponding to the lowest value of
yv(n;H,). Calculate the subsets L(n)={l:n_,(I)=n} for

all n.

8. Calculate new matrix V@ (n) as a constrained spheri-
cal average V,“ of all entries V, corresponding to the

same 1ndex n

I?(I.Jrl)(”)zvllrj iz (26)

9. For each region n, where cardinality |L(n)|=0, calculate
the mean eigenmode match matrix

A (i+1) 1 A Gi+1) (27)
— V Vv :
W= |£;) (n)
10. Calculate the average distortion metric
?V(f+l):1/L2ﬂ, V(‘;"(I qg;-r(z);Hf)
11. If the distortion metric fulfills Iy, "=y, @1, P<O,

where © 1s a design parameter, stop. Otherwise

increase 1 by 1, and go to 7).
Upon completion of the above algorithm, the final set or
vectors V can be used to calculate the regions V. 1n (5).
The design of the transmitter modulation matrices pre-
sented 1 section IX.C can be modified as follows: we
propose the following algorithm to optimize the set of
matrices B(ll,,lz, SRR

1. Create a large set of Ln, random matrices H,, where L
1s the number of training sets with n.. user each.

2. For each random matrix H,, perform singular value
decomposition[68] an obtain h,[70] as 1n (15).

3. Align orientation of each vector h;, to lie within the same
2n~dimensional hemisphere.

4. For each vector h,, store[74] the index 1, of the corre-
sponding entry v(i,).

5. Divide[76] the entire set of matrices H, into L sets with
n, elements each.

6. Sort[78] the indices 1, within each set 1n the ascending
order, Map[78] all unique sets of sorted eigenmode
indices 1, to a set of unique modulation matrix indices
I, (for example, 1 n,=2: (1,1)—=1,=1; (1,2)—=1,=2;
(2,2)—=1,=3 .. .).
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7. In each set L(I3)={L:(i;, 1. . . . 1, )—>I3}, reorder the
channel vectors h, according to the indices 1, and cal-

culated[80] the optimum B, using the method from
Section VII.C.

8. Calculate[84] the set E(IB) as a column-wise spherical
average of all entries B, corresponding to the same[82]
index I, as

V12,

H

. .HT[E (IB)],H:WG'L(IB) (28)

After completion of the above algorithm, the transmitter
will have the set of |1, modulation matrices B(I,,) corre-
sponding to all sorted combinations of the channel eigen-
mode indices that can be reported by the recervers.

To clarity our notation for spherical average used 1n (26)
and (28), we outline a method to calculate a spherical
average of a set of umit-length vectors, and a spherical
average of a set of unitary matrices, preserving the mutual
perpendicularity of the component vectors. We use the
notation v,”|,, to represent a spherical average of all
unit-length vectors v, contained 1n a set L. Based on Statis-
tical Analysis of Spherical Data by Fisher et al., we define
the spherical average as

77 licg, = min ) cos™ (v -x) (29)

where the unit-length vector x 1s found using one of the
constrained non-linear of optimization algorithms.

In case of the spherical average of a set of unitary
matrices, denoted as V;“l,,, the averaging of the unit-
length column vectors must be performed 1n a way that the
resulting matrix 1s also unitary. We represent the spherical
matrix average as a collection of unit-length vectors x, as
V9=[x,, X,, Xa, . . . | and jointly optimize them as

(X, = mjnz cms_l([lﬁ]’k X)), k=1,2,3 ... (30)

< =35

xpcxp =0,k £

Immaterial modifications may be made to the embodi-
ments described here without departing from what 1s cov-
ered by the claims.

While 1llustrative embodiments have been 1illustrated and
described, 1t will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the 1nvention.

What 1s claimed:

1. A method for wireless reception by a user device
comprising a multiple-antenna receiver, from a multiple-
antenna transmitter, the method comprising;:

storing a codebook including pre-quantized channel vec-

tors each having a length N, wherein N 1s a number of
antennas at the transmitter, and wherein N 1s greater
than 1; and
in a multi-user multiple mput and multiple output
(MIMO) mode:

transmitting one ndex corresponding to one of the pre-
quantized channel vectors to the multiple-antenna
transmitter;

receiving a signal from the multiple-antenna transmitter

including data for at least two and no more than N user
devices based on the transmitted index; and

5

10

15

20

25

30

35

40

45

50

55

60

65

18

recovering data from the received signal, the data trans-
mitted using the pre-quantized vector corresponding to
the 1index.

2. The method of claim 1, wherein the index 1s transmaitted
as channel state information (CSI).

3. The method of claim 1, wherein receiving the signal
from the multiple-antenna transmitter comprises receiving
orthogonal frequency division multiplexed (OFDM) signals
using subcarriers.

4. The method of claim 1, wherein the codebook 1s used
for all transmit powers.

5. The method of claim 1, wherein the codebook further
comprises pre-quantized channel matrices, the method fur-
ther comprising, 1n a second MIMO mode:

transmitting a second index corresponding to one of the

pre-quantized channel matrices to the multiple-antenna
transmitter; and

recerving a second signal from the multiple-antenna trans-

mitter mcluding second data for at least two and no
more than N user devices based on the transmitted
second index; and

recovering second data from the received signal, the data

transmitted using the pre-quantized matrix correspond-
ing to the second index.

6. The method of claim 5, wherein the second index 1s
transmitted as channel state information (CSI).

7. The method of claim 5, wherein receiving the second
signal from the multiple-antenna transmitter comprises
receiving orthogonal {frequency division multiplexed
(OFDM) signals using subcarriers.

8. A user device comprising;

a Processor;

a plurality of antennas;

a transceiver coupled to the processor and the plurality of

antennas; and

a memory coupled to the processor which stores a code-

book including pre-quantized channel vectors each
having a length N, wherein N 1s a number of antennas
at a multiple-antenna transmitter, and wherein N 1s
greater than 1; and

wherein the processor, the transceiver, and the plurality of

antennas are operable to, 1n a multi-user multiple 1nput
and multiple output (MIMO) mode:

transmit one index corresponding to one ol the pre-

quantized channel vectors to the multiple-antenna
transmitter:

recerve a signal from the multiple-antenna transmitter

including data for at least two and no more than N user
devices based on the transmitted index; and

recover data from the received signal, the data transmuitted

using the pre-quantized vector corresponding to the
index.

9. The user device of claim 8, wherein the index 1is
transmitted as channel state information (CSI).

10. The user device of claim 8, wherein receiving the
signal from the multiple-antenna transmitter comprises
receiving orthogonal {frequency division multiplexed
(OFDM) signals using subcarriers.

11. The user device of claim 8, wherein the codebook is
used for all transmit powers.

12. The user device of claim 8, wherein the codebook
turther comprises pre-quantized channel matrices, and the
processor, the transcerver, and the plurality of antennas are
turther operable to, 1n a second MIMO mode:

transmit a second index corresponding to one of the

pre-quantized channel matrices to the multiple-antenna
transmitter; and
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receive a second signal from the multiple-antenna trans-
mitter mcluding second data for at least two and no
more than N user devices based on the transmitted
second 1ndex; and

recover second data from the received signal, the data

transmitted using the pre-quantized matrix correspond-
ing to the second index.
13. The user device of claim 12, wherein the second 1index
1s transmitted as channel state information (CSI).
14. The user device of claim 12, wherein receiving the
second signal from the multiple-antenna transmaitter com-
prises recerving orthogonal frequency division multiplexed
(OFDM) signals using subcarriers.
15. A non-transitory computer-readable medium compris-
ing instructions stored thereon which when executed by a
processor ol a user device operate the user device to:
store a codebook including pre-quantized channel vectors
cach having a length N, wherein N 1s a number of
antennas at a multiple-antenna transmitter, and wherein
N 1s greater than 1; and

in a multi-user multiple mput and multiple output
(MIMO) mode:

transmit one index corresponding to one ol the pre-
quantized channel vectors to the multiple-antenna
transmitter;

receive a signal from the multiple-antenna transmitter

including data for at least two and no more than N user
devices based on the transmitted index; and

recover data from the received signal, the data transmitted

using the pre-quantized vector corresponding to the
index.

16. The non-transitory computer-readable medium of
claim 15, wherein the index 1s transmitted as channel state
information (CSI).

10

15

20

25

30

20

17. The non-transitory computer-readable medium of
claim 15, wherein receiving the signal from the multiple-
antenna transmitter comprises receiving orthogonal fre-
quency division multiplexed (OFDM) signals using subcar-
riers.

18. The non-transitory computer-readable medium of
claim 15, wherein the codebook 1s used for all transmait
powers.

19. The non-transitory computer-readable medium of
claam 15, wherein the codebook further comprises pre-
quantized channel matrices, and the instructions, which
when executed by the processor of the user device, further
operate the user device to, 1 a second MIMO mode:

transmit a second index corresponding to one of the

pre-quantized channel matrices to the multiple-antenna
transmitter; and

recerve a second signal from the multiple-antenna trans-

mitter mcluding second data for at least two and no
more than N user devices based on the transmitted
second index; and

recover second data from the received signal, the data
transmitted using the pre-quantized matrix correspond-
ing to the second index.

20. The non-transitory computer-readable medium of
claim 19, wherein the second index i1s transmitted as channel
state information (CSI).

21. The non-transitory computer-readable medium of
claiam 19, wherein receiving the second signal from the
multiple-antenna transmitter comprises receiving orthogo-
nal frequency division multiplexed (OFDM) signals using
subcarriers.
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